INTRODUCTION
Various strains of the microorganism Rhizopus are important in the food and enzymes for fermentation industry in South East Asia, Southern China, and Japan. For example, they are used to produce tempe, a fermented soybean product widely consumed as food. Tempe fermentation produces natural antibiotics, which are thought to increase resistibility against intestinal infections. Wang et al. [1] reported that Rhizopus oligosporus from tempe, Rhizopus chinensis from soil, and Rhizopus javanicus from shoyu-koji produced appreciable amounts of antibacterial agents when cultured in the soybean medium.
In nature, microorganisms are rarely found as a pure culture. They generally grow in co-cultures in association with different microorganisms. In nature, microbial ecology influences both the spectrum and activity of the antibiotics. Pestalone [2] , nisin [3] , nisin Z [4] and biphenomycin A [5] are some of the naturally occurring antibiotics, which were obtained using co-cultures. A mixed microflora was traditionally used for the preparation of fermented foods [6, 7] . Rhizopus strains were necessary for the fermentation of tempe. However, Mulyowide et al. [8] reported that the levels of 108-109 cfu/g bacteria and up to 107 cfu/g yeasts were normally found in tempe. In addition, 108 cfu/g Bacillus strains were found in the fermented tempe.
Bacillus strains have been used in the commercial production of extracellular enzyme and fermentation of food.
Natto, a traditional Japanese food, is produced by fermenting soybean with Bacillus subtilis. A great variety of antibiotic agents have been found from B. subtilis, namely:
mycobacillin [9] , subtilin [10] , amicoumacin [11] , bacillaene [12] and a peptide antibiotic [13] .
Using various combinations of co-cultures we have previously found that the antibiotic production was stimulated in a co-culture of Rhizopus peka P8 and Bacillus subtilis IF03335 [14] . In this report, we investigated the optimum conditions for antibiotic production in a co-culture of a Bacillus strain and a Rhizopus strain.
Materials and Methods

Microorganisms
Rhizopus peka P8 was from our stock culture, which was maintained on a Potato Dextrose Agar (PDA, Nissui peka, the antibiotic activity in the co-culture broth was higher than that from the pure R, peka culture broth, and the maximum antibiotic activity was about 25 mm inhibition zone (Fig, 1 , right panel). subtilis. Initial concentration of R. peka spores was 106 spores/mL, and that of B. subtilis cells was 106 CFU/mL.
When the B. subtilis cells were inoculated along with the R. peka spores, the antibiotic activity in the co-culture broth at 48 h after inoculation was 25 mm inhibition zone (Fig. 3A) . When B, subtilis was added to the culture 24 h and 48 h after the inoculation of R. peka, the maximum antibiotic activity in the broths of both co-cultures was about 20 mm inhibition zone (Figs. 3B and 3C ). In contrast, the antibiotic activity was lower in the culture where B. subtilis was added 72 h after the inoculation of R, peka (Fig. 3D ). Similar lower antibiotic activity was obtained in the culture where B, subtilis was added 96 h after the inoculation of R. peka (data not shown). Taken together, these results suggest that the earlier B. subtilis was added to the R, peka culture, the higher the antibiotic activity in the culture broth. The dry mass weight (DMW) of each co-culture was higher than that of the pure culture. was used. The relationships between cell morphology and antibiotic production usually various among strains [16, 17] . In addition, cell morphology was influenced by initial spore concentration [16, 18] . When initial concentration of R. peka was over 107 spores/mL, R. peka formed entangled filaments at 24 h after incubation. In case that initial spore concentration was below 106 spores/mL, R. peka formed pellets at 24 h after incubation (data not shown).
Thus, we investigated antibiotic production when initial concentrations of R. peka were 106 spores/mL and 107 spores/mL. In the case of pure culture conditions, the maximum antibiotic activities were similar at both of these R. peka spore concentrations, the activity from the 106 spores/mL R. peka culture was more stable than that from the 107 spores/mL R. peka culture. In contrast, in the case of co-culture conditions, antibiotic activities were higher and more stable at both R. peka concentrations in the co-culture than in the respective pure cultures. When antibiotics were produced by co-culture systems, apparent morphology of R. peka at both of these Rhizopus spore concentrations were not influenced by B. subtilis.
Antibiotic production in cell-free mixture
We next investigated the effects of B. subtilis culture broth on the antibiotic activity in the cell free culture broth and cell free extract of R. peka. The cell free culture broths were obtained as described below. The spent medium was centrifuged. The supernatant was collected and passed through a 0.45 nm-pore-size membrane filter. In the case of cell free extract, the cells were suspended in phosphate buffer. This suspension was disrupted by ultrasonication. After being centrifuged, the supernatant was collected and passed through a 0.45 Cm-pore-size membrane filter. As shown in Fig. 6 , the cell free extract of B.
subtilis, cell free culture broth of R. peka and cell free extract of R. peka did not have any antibiotic activity.
When the cell free culture broth of R. peka was mixed with the cell free culture broth of B, subtilis and further incubated, the antibiotic activity appeared in the mixture. The antibiotic activity increased with the increasing ratio of B.
subtilis free culture broth in the mixture. Moreover, the antibiotic activity increased when the cell free extract of R. peka was added to the cell free culture broth of B. subtilis.
However, the increase in activity did not relate to the proportion of B. subtilis culture broth in the mixture. Figure 7 shows that the cell free extract of B. subtilis influenced the antibiotic activity of both the cell free culture broth and cell free extract of R. peka. A high antibiotic activity was observed in the mixture that contained the cell free extract of B, subtilis and cell free culture broth of R. peka, and the activity was higher than that in the pure R. peka free culture broth or B. subtilis cell free extract.
The antibiotic activity under this condition depended on the ratio of B. subtilis extract in the mixture. The antibiotic activity also increased in the case of the cell free extract of R. peka. As shown in Fig. 6 and Fig. 7 
Discussion
A low amount of antibiotic activity is found in the culture broth of R. peka. This antibiotic activity increased when R. peka was co-cultured with B. subtilis. Previously, we have examined various combinations of co-culture for effective antibiotic production [14] . The antibiotic activity from the co-culture of R. peka and B. subtilis were higher than other combinations. It was the spectrum of activity against B. subtilis, Escherichia coli and Salmonella typhimurium. However, we did not detect antibiotic activity in any combinations of other Rhizopus and bacterial strains. Traditionally, mixed microorganisms are being used in food fermentation, such as in making cheddar cheese [4] , to prevent food spoilage. By using a co-culture, it may be possible to improve the shelf life of tempe, which is produced by fermentation of soybeans with Rhizopus strains. Kobayashi et al. [15] showed that even though the antibiotic produced by R, oligosporus IFO 8631 did not show a broad-spectrum activity, it was very active against some of the Bacillus species, especially against B.
subtilis. Moreover, the purified antibiotic was found to be a simple protein of about 5,500 in molecular weight. The antibiotic activity found in the pure culture broth of R.
peka was very similar to that of R. oligosporus IFO 8631 [15] , suggesting that the antibacterial agent described in this study could also be a protein or a peptide.
Initial concentration of each microorganism and their mixing times are both important for an optimal mixed culture condition. We found highest antibiotic activity in the culture in which equal numbers of R. peka spores and B.
subtilis cells were used for inoculation (Fig. 4) . The earlier the B. subtilis cells were added to the R. peka spore culture, the stronger the antibiotic activity was (Fig. 3) . In fact, we found highest antibiotic activity in the co-culture in which the seed culture of B. subtilis was added to the culture of R. peka spores at 0 h (Fig. 3) . Taken Morita et al. [19] reported that concentrations and types of metal ions (iron, magnesium and zinc ions) affected the antibiotic production by Rhizopus sp. MKU 24. Spore concentrations of the fungi used for inoculation are also known to affect the antibiotic production. Du et al. [16] found a relationship between the morphology of Rhizopus chinesis 12 and antibiotic production, and observed that the antibiotic produced by the pellet forming R. chinesis was higher than that by the entangled filaments forming R. chinesis. We have found that at an inoculate concentration of 107 spores/mL, R. peka formed entangled filaments whereas at an inoculate concentration of 106 spores/mL, R. peka formed pellets. In the case of pure culture conditions, we also observed that the antibiotic produced by the R. peka pellets was more stable than that produced by the R. peka entangled filaments (Fig. 5) . The morphology of R. peka seems to have an effect on the antibiotic production. However, in the case of co-culture conditions, antibiotic activities were nearly level of strength and stability at both R. peka forms in the co-culture conditions. Results shown in Fig. 6 and lyses Rhizopus cell walls [21, 22] . Likewise, lytic enzyme was produced by Rhizopus strains [23, 24] . Apparent form difference of R. peka in the co-culture had little influence on antibiotic activities. However, the co-culture of R. peka and B, subtilis has possibility that membrane permeability was changed. As a result, antibiotic activities of both R.
peka forms in the co-culture conditions were equal. Mixed microorganism cultures are known to improve nutrition of fermented foods [26] . For example, Klebsiella pneumoniae that produced vitamin B12 was used in a mixed culture with Rhizopus sp. to produce tempe containing vitamin B12 [27] . In this study, we used B. subtilis as a partner strain. Yamada et al. [28] have shown that B. subtilis produced menaguunine (vitamin K) . Therefore, it may be possible to develop fermented foods enriched with vitamin K using a mixed culture of R. peka and B. subtilis.
Further studies are also needed to establish the detailed role of B, subtilis in increasing antibiotic activity of the Rhizopus strain.
Conclusions
B. subtilis increased the production of antibiotic from R.
peka in a mixed culture condition. The higher the concentration of B. subtilis and sooner it was added to the R. peka spores in culture, the stronger the antibiotic activity was observed in the culture broth. The optimum co-culture condition was when the seed cultures of R. peka and B.
subtilis were incubated at the same time, and equal numbers of viable B. subtilis cells and R. peka spores were used in the culture. Our results also suggest that the effect of co-culture on antibiotic production seemed to be dependent on an enzyme activity.
